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is extremely sensitive to the organic material-metal electrode interface.4 5 The metals such as gold, palladium are
We report fabrication of aligned array carbon nanowidely used as source and drain (S/D) electrodes for OFET
tube (CNT) electrodes for organic electronic device
device.3 When metal electrodes are contacted with organic
applications. The ultra-high density aligned CNT array
semiconducting material, in addition to the Schottky barwas assembled via dielectrophoresis (DEP) from a
rier, dipole barrier is formed at the interface.6 7 As a result,
high quality surfactant free and stable aqueous CNT
the contact resistance between the metal and semiconducsolution. The CNT source and drain electrodes were
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large and charge transport is often limited
formed though oxidative cutting ofCopyright:
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the
interface.
In addition, metal electrodes are
by electron beam lithography and preciseDelivered
oxygen by Ingenta
not
solution
processed
and
they are not ﬂexible. However,
plasma etching. As an example of usefulness of this
ﬂexible
electrodes
are
required
in the application of ﬂexielectrode, organic ﬁeld effect transistor was fabrible electronics.
cated using a thin ﬁlm of poly (3-hexylthiophene)
In order to overcome the problems of high contact resisand the electrical transport properties of the devices
tance, dipole formation and non ﬂexibility of metal elecwere studied. Compared to the control devices fabtrodes, carbon nanotube (CNT) has been considered as a
ricated with gold electrode, devices based on CNT
promising electrode materials for organic electronics due
array electrode show better performance with higher
to their highly conducting, ﬂexible, and one-dimensional
mobility, higher current on/off ratio and higher reprostructure.10–12 Individual CNTs has been used as an elecducibility. This study demonstrates that aligned array
trode material in contacting single molecule or making
CNT electrode will have potential applications in
nanoscale OFET using pentacene12–14 and was found to
fabricating organic electronic devices.
be an efﬁcient charge injector. The reason for such an
Keywords: Carbon Nanotubes, Organic Transistors,
enhancement is that when an electric ﬁeld is applied in
Charge Transport, Electrodes, Dielectrophoresis,
CNT electrodes, a large local ﬁeld is generated at the
Interface, Contact Barrier.
nanotube apex and increases charge injection.15 16 However individual CNT electrodes are not appropriate for
practical application in large area electronic devices.
Organic ﬁeld effect transistor (OFET) has attracted
Several approaches have been reported for the fabtremendous attention due to their low-cost fabrication
rication of large area OFETs using carbon nanotube
process and prospect for large area, ﬂexible, transparent
electrodes15–19 all of which showed improved device per1 2
electronic device applications. The performance of the
formance compared to the control metal electrode OFET
OFET device is not only depends on the molecular propdevices. The most commonly used approach is to use ranerties of the organic semiconducting material, but also it
dom network of CNTs as electrode materials.17–18 However, it was noted that optimum charge injection may
∗
not occur due to the random alignment of CNT tips.
Author to whom correspondence should be addressed.
OFET devices were also fabricated using CNT/polymer
Email: saiful@mail.ucf.edu
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fabricated with electron beam lithography (EBL) followed
by etching CNTs with oxygen plasma. In order to examine
the functionality and efﬁciency of the CNT array electrodes, we fabricated P3HT thin ﬁlm OFET and compared the device performance with control gold electrode
OFET of same dimension and fabricated under identical condition. Electrical transport measurements show that
the device with CNT electrode has a higher on/off ratio
and higher mobility compared to control OFET with gold
electrode.
A schematic of the aligned CNT array electrode fabrication process is shown in Figure 1. An important step
of the CNT array electrode fabrication is the alignment
of CNT with ultra-high density and was done via dielectrophoretic (DEP) technique from a high quality aqueous
solution of CNT. Using DEP, CNT can be directly integrated to the prefabricated patterns in a 2D array with
controllable alignment and linear density.20 DEP has been
shown to assemble 2D, 1D and 0D nanomaterials at the
selected position of the circuit for device applications.21–25
Figure 1(a) shows a cartoon of the DEP set up for CNT
assembly. Details of the CNT alignment and characterization can be found in our recent publication.20 In brief,
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Fig. 1. Schematic illustration of carbon nanotube aligned array electrodes fabrication method. (a, b) aligning ultra-high density SWNTs from high
quality CNT aqueous solution via DEP between prefabricated palladium (Pd) patterns, (c) spin coating of PMMA resist, (d) opening an window on
the CNTs array via electron beam lithography, (e) etching the exposed SWNTs by oxygen plasma and ﬁnally (f) removing PMMA using chloroform.
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composite as an electrode material.19 One possible drawback of the CNT/polymer composite electrodes is that
when gate voltage is applied to the OFET, a part of the
applied gate voltage also modulates the electrodes which
affect the device performance. In another report, CNT
array electrode was fabricated by anchoring CNTs onto
titanium contact using vacuum ﬁltration method.15 16 In
this electrode pattern, CNTs appears to be random, density of the CNT is very low and dimension of the electrodes appears to be not well deﬁned which may cause
charge injection not only from the CNT electrode but also
from the base metal electrode where CNTs are anchored.
Therefore, more efﬁcient charge injection may be obtained
if CNT electrode is fabricated from ultra-high density
aligned array where individual CNTs are closely packed
with tips parallel to each others with well deﬁned channel
lengths.
Here, we demonstrated a novel, controlled and highly
reproducible approach for the fabrication of CNT aligned
array electrode. The ultra-high density CNTs were aligned
with a very high linear density (∼30 CNTs/m) from
high quality CNT aqueous solution by dielectrophoresis techniques. The CNT source and drain electrodes are
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palladium (Pd) were used as a base material to anchor
the aligned CNTs as Pd is known to make good electrical
contact to CNTs.26 Pd patterns of 5 m × 25 m were
fabricated on heavily doped silicon substrates capped with
a thermally grown 250 nm thick SiO2 layer using standard
EBL followed by deposition of Cr (3 nm) and Pd (27 nm)
and standard lift off.
Highly puriﬁed, stable and surfactant free single walled
CNT aqueous solution obtained from Brewer Science Inc27
and was diluted by six times in DI water. The solution was
free from surfactant, catalytic particles and bundles, and
contained mostly individual CNTs. The average diameter
of the CNTs was 1.7 nm and the length of the nanotubes
varied from 0.3 to 10 m with a median value of 1.5 m
as determined from atomic force microscopy (AFM)
and scanning electron microscopy (SEM) investigations.20
A 3 L drop of the solution was placed on the Pd patterns and an ac voltage of 5 Vp-p at 300 kHz was applied
between the Pd patterns for 30 seconds (Fig. 1(a)). The
ac voltage gives rise to a time averaged DEP force FDEP 
which for an elongated object is given by

the electric ﬁeld gradient and align the nanotubes in the
direction of the electric ﬁeld lines (Fig. 1(b)). After the
CNT assembly, PMMA was spin coated on the samples at
4000 rpm for 60 seconds followed by baking at 180  C for
15 minutes on a hotplate (Fig. 1(c)). The CNT electrode
pattern of channel length L = 2 m and width W = 25 m
was then deﬁned by opening a window in PMMA resist
via EBL writing and developing in a mixture of MIBK and
IPA. The samples were then placed in a oxygen plasma
chamber and exposed CNTs were etched away through the
open window (Fig. 1(d)). Finally, devices were kept into
the chloroform for 12 hours and rinse with acetone, IPA,
and DI water to remove the remaining PMMA (Fig. 1(e)).
Gold (Au) electrodes of identical dimension were also fabricated using EBL for control experiments.
P3HT powder was purchased from EMD chemicals Inc.
and was dissolved into 1,2 dichlorobenzene by stirring the
solution with magnetic stirrer for 2 hours at 40  C. The
concentration of the solution was 5 mg/ml. The solution
was then ﬁltered with 0.2 m syringe ﬁlter. A thin ﬁlm
(∼80 nm) of P3HT was then deposited onto chips con∗
∗
taining both CNT and Au electrode by drop cast method
 p − m
2
FDEP ∝ m ReKf  ERMS
Kf =

inside a N2 glove box. The fabricated devices were then
∗m
thermally annealed at 130–140  C on a hot plate for
p m
15 minutes to evaporate the solvent. The electrical trans∗p m = p m − i
port measurements of the CNT arrays was carried out by
instruments
1211 current preampliﬁer and a Keithwhere p and m are the permittivity
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andThu,DL
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the nanotubes to move in a translational motion along

(a)

0.10

Pd

(b)

0.05

200 nm

Aligned CNT

I (mA)

Communication

Materials Express

0.00
–0.05
R ~ 430 ohm

2 µm

Pd

–0.10
–40 –30 –20 –10

0

10

20

30

40

V (mV)
(d)

(c)

Gold

CNT

CNT

Gold
2 µm

2 µm

Fig. 2. (a) Scanning electron microscopy (SEM) image of a densely aligned CNT array. Inset: High magniﬁcation SEM image. (b) Current (I)–voltage
(V ) characteristics of the aligned array. (c) SEM images of the CNT electrode after oxidative cutting and (d) gold electrode for control experiment.
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Figure 2(a) shows a representative SEM image of a
(a) 2.5
OFET with CNT electrode
densely aligned array of CNT assembled via DEP. Inset
Vg = 0 to –80 V
shows a high magniﬁcation SEM image of a part of the
2.0
array. We have recently shown that by controlling the
concentration of the CNT in the solution, we can repro1.5
ducibly control the linear density of the CNT in the array
from 1 CNT/m to 30 CNT/m.20 This study also showed
1.0
that at low densities, almost all of the nanotubes are well
aligned and are parallel to each other whereas, at higher
0.5
density, about 90% are aligned within ±10 of the longi20
tudinal axis. In this experiment, we only used densely
packed aligned array with a density of ∼30 CNT/m
0.0
0
20
40
60
80
so that the resistance of the array is low (<500 ).
–Vd (V)
Figure 2(b) shows the current–voltage characteristics of
the array from which we calculate a resistance of ∼430 
(b) 2.5
with a corresponding resistivity of ∼2 k/sq. In addition
FET with gold electrode
Vg = 0 to –80 V
we have also veriﬁed the metallic nature of the array by
2.0
measuring current-gate voltage characteristics (not shown
here). The low resistance and metallic behavior of the
1.5
array makes them ideal material for OFET electrodes.
Figure 2(c) shows a SEM image of our fabricated CNT
1.0
electrodes after oxidative cutting with well deﬁned channel length and width. One fundamental advantage of our
electrode pattern is that all the tips of CNTs in the elec0.5
trodes are parallel and open ended; because in our experiment, electrodes are formed though oxidative cutting of
0.0
each CNTs in the middle by oxygen plasma etching. This
0
20
40
60
80
is in distinct contrast to the previous
reports of CNT elec–Vd (V)
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On: Thu, 07 Mar 2019 19:19:43
Copyright:
American
trode fabrication. The parallel and open
ended tips
of our Scientific Publishers
3. Output characteristics (Id vs. Vd curve) of P3HT OFET at varDelivered by Fig.
Ingenta
electrode design are advantageous because CNT electrodes
ious Vg for (a) CNT aligned array electrodes and (b) gold electrode.
tunnels the charge carrier though the contact barrier due to
Vg = 0, −20, −40, −60 and −80 V from bottom to top. L = 2 m and
electric ﬁeld enhancement and the ﬁeld emission is larger
W = 25 m. Both curves are plotted in the same scale to see the clear
for the open CNT than the close end CNT.15 29
difference in output current for these two OFETs.
As an example of the effectiveness of our aligned CNT
array electrode, we fabricated P3HT thin ﬁlm OFET using
CNT array electrodes (CNT/OFET). For control experand (b) respectively, where Id is plotted as a function of
√
iment, OFET with gold electrodes was also fabricated
Vg with a ﬁxed Vd = −60 V. The Id versus Vg plots
(Au/OFET). The SEM of the gold electrode is shown in
are shown right axis of Figures 4(a) and (b), from where
Figure 2(d). The source-drain current (Id ) versus sourcethreshold voltage (VT ) was calculated to be 0 V and 10 V
drain voltage (Vd ) characteristics (output curve) of the
for CNT/OFET and Au/OFET device respectively. From
CNT/OFET and Au/OFET were measured at different gate
here, the saturation mobility (sat ) and linear mobility
voltages (Vg ) and are shown in Figures 3(a) and (b) respec(lin ) of the devices were calculated using the standard
tively. Compared to the output curve of Au/OFET device,
formula sat = Id sat 2L/WCi 1/Vg − VT 2  and lin =
output curve of CNT/OFET device shows better drain curL/WCi Vd dId /dVg ) respectively; where Ci is the capacrent modulation with Vg . In addition, saturation current
itance per unit area of the gate insulator (13.8 nF/cm2 ).32
Id sat (2.5 A) of CNT/OFET device is higher than the satThe calculated lin and sat of CNT/OFET device are
uration current (0.9 A) of the Au/OFET device at Vg =
0.004 and 0.005 cm2 /Vs respectively. On the other hand,
−80 V. In low Vds region, the curve shows a sub-linear
both lin and sat of Au/OFET device are 0.001 cm2 /Vs,
onset due to contact resistance, hallmark of short chanﬁve times smaller than that of CNT/OFET. The current
nel OFETs. Since the channel length of our device is only
on/off ratio of CNT/OFET device is 5 × 103 , whereas
2 m, the nonlinear onset behavior appears in our device.
Ion /Ioff of Au/OFET is only 9 × 101 . The current on-off
Similar nonlinear behavior has also been observed for the
30
ratio of CNT/OFET device is more than two order magniOFETs fabricated with RGO electrode as well as OFET
tude higher than the on-off ratio of Au/OFET. From these
with metal electrode.31
results, we conclude that OFET with aligned CNT array
Transfer characteristics of the CNT/OFET and
electrode shows superior device performance including
Au/OFET device are shown in left axis in Figures 4(a)
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high linear density. The CNT source and drain electrodes
are fabricated with electron beam lithography followed by
etching CNTs with oxygen plasma. We fabricated OFET
using both CNT array electrode and gold electrode in
order to examine the functionality of the CNT array electrodes. It was found that OFET device with CNT electrode has shown better performance than the device with
gold electrode. The improved device performance using
CNT array electrode is attributed to absence of dipoles formation, strong bonding interaction between CNT/organic
material and the geometry structure of aligned array CNT
electrode.
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